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Abstract
The LHC is actively searching for narrow dijet resonances corresponding to physics beyond the
Standard Model. Among the many resonances that have been postulated (e.g., colored vectors,
scalars, and fermions) one that would have a particularly large production rate at the LHC would
be a scalar diquark produced in the s-channel via fusion of two valence quarks. In previous work, we
introduced a color discriminant variable that distinguishes among various dijet resonances, drawing
on measurements of the dijet resonance mass, total decay width and production cross-section. Here,
we show that this model-independent method applies well to color-triplet and color-sextet scalar
diquarks, distinguishing them clearly from other candidate resonances. We also introduce a more
transparent theoretical formulation of the color discriminant variable that highlights its relationship
to the branching ratios of the resonance into incoming and outgoing partons and to the properties of
those partons. While the original description of the color discriminant variable remains convenient
for phenomenological use upon discovery of a new resonance, the new formulation makes it easier
to predict the value of the variable for a given class of resonance.
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I. INTRODUCTION
There have been numerous searches for Beyond-the-Standard-Model (BSM) resonances
decaying to dijet final states at colliders including the CERN Sp¯pS [1, 2], the Tevatron [3–
7], and the Large Hadron Collider (LHC) [8–16]. As no new dijet resonances have been
discovered so far, the current exclusion limits on the production cross section for those
of sufficiently narrow width have been set by searches carried out by ATLAS and CMS
collaborations at the LHC with a center-of-mass energy of 8 TeV [13, 15, 17]. The upgraded,
higher-energy LHC will be able to seek a resonance with a larger mass, and the greater
integrated luminosity will enable the experiments to reach new discovery thresholds; see, for
example, [18, 19] for recent studies of dijets at the future LHC.
When the LHC discovers a new dijet resonance, it will be crucial to determine the spin,
color, and other properties of the resonance in order to understand what kind of BSM
context it represents. In previous work [20], we introduced a way to distinguish whether a
vector resonance is either a leptophobic color-singlet or a color-octet, using a construct that
we called a “color discriminant variable”, Dcol. The variable is constructed from the dijet
cross-section for the resonance (σjj), its mass (M), and its total decay width (Γ), observables
that will be available from the dijet channel measurements of the resonance1:
Dcol ≡ M
3
Γ
σjj, (1)
For a narrow-width resonance, the color discriminant variable is independent of the reso-
nance’s overall coupling strength.
We have applied the color discriminant variable technique both to flavor universal vector
resonances with identical couplings to all quarks [20] and also to more generic flavor non-
universal vector resonances [21] whose couplings to quarks vary by electric charge, chirality,
or generation. In the latter case, combining the color discriminant variable with information
from resonance decays to heavy top (tt¯) or bottom (bb¯) flavors still enables one to determine
what type of resonance has been discovered. We have also shown [22] that the method can
be used to separate fermionic or scalar dijet resonances from vector states.
In this work, we further extend the color discriminant variable technique in two directions.
First, we re-frame the theoretical discussion of the variable in more general language that
shows its broader applicability and its relationship to the properties of the partons involved
in production and decay of a narrow resonance. In addition, we show that Dcol can be used
to distinguish a color-triplet or color-sextet scalar diquark (a weak-singlet state coupling
to two quarks) from weak-singlet vector dijet resonances that couple to a quark/anti-quark
pair, such as a coloron (color-octet) or Z ′ (color-singlet).
The rest of the paper is organized as follows: In the next section, we introduce the
scalar diquark and vector resonances studied in this work. Section III reviews the original
presentation of the color discriminant variable, provides a new theoretical framework for it,
and applies it to diquarks. Section IV establishes the range of coupling and mass parameter
space where the color discriminant analysis can be used for diquarks. We show how Dcol
1 Note that Dcol is dimensionless in the units where ~ = c = 1.
2
separates diquarks from one another and from vector boson resonances in Section V focusing
on resonances with masses of 3−7 TeV at the√s = 14 TeV LHC with integrated luminosities
up to 1000 fb−1. The final section summarizes our conclusions.
II. NEW RESONANCES COUPLING TO QUARKS
In this section, we introduce our parametrization of the couplings of scalar diquark reso-
nances coupling to qq and the vector resonances coupling to qq¯.
A. Scalar Diquarks
The diquarks we consider are weak-singlet scalar resonances coupling to two quarks. Color
triplet objects of this kind appear in the 27-dimensional representation of E6 string-inspired
grand-unified theories [23–26], and their hadron-collider phenomenology has been studied,
for example, in Refs. [27–30]. Color triplet scalars are the canonical benchmark diquarks
considered by CMS [31]. The hadron collider phenomenology of color sextet scalars has
been studied here [32–34]. In the absence of flavor symmetries [35, 36], there are very strong
constraints on the couplings of these particles [37]. NLO corrections to diquark production
[38, 39] and the showering of sextet particles [40] have been studied as well.
Before discussing specific diquarks in detail, it is important to specify how we will handle
flavor issues. There are several options. One can simply assume that the couplings are
written in the mass-diagonal basis, in terms of the appropriate left- and right-handed fields.
While this is unnatural, it is the stated (or unstated) assumption of most phenomenological
work aside from papers specifically addressing flavor limits [37]. Alternatively (as we have
done), one can assign appropriate flavor quantum-numbers [35] to the specific color-triplet
or color-sextet states as discussed in [36]. In this case, one has a full mass-degenerate
flavor multiplet of any of the particles present (e.g., a flavor triplet of color-triplet diquarks
coupling to right-handed up-type quarks as in Case V of [36]). Remarkably, if one is studying
single production of a diquark from qq annihilation at the LHC, the signal is essentially the
same as obtained using the first strategy; since typically one partonic production mechanism
dominates and each diquark carries the flavor(s) of the incoming quarks, only one such object
is largely responsible for any given single production signal.
Note that, for color-triplet diquarks, in some cases flavor anti-symmetry is sufficient to
eliminate tree-level ∆F = 2 processes, and hierarchical Yukawa couplings patterned on
the SM yukawa matrices may be sufficient to eliminate dangerous contributions to flavor-
changing neutral-current processes [41].
1. Color Triplet Diquarks
We will use the classification system from [36] to describe the different types of weak-
singlet, color-triplet diquarks associated with a weak doublet quark field (QL) and weak
singlet quark fields (uR and dR) of any generation. Keeping in mind that the color-triplet
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state of two quarks will be anti-symmetric in color and in Lorentz spinor indices, it will also
need to be anti-symmetric under the combination of flavor and SU(2) indices.
A weak-singlet, charge 1/3 diquark coupling to QLQL will be anti-symmetric in SU(2) in-
dices, so it must be symmetric in flavor, which places it in a sextet representation of SU(3)QL .
This corresponds to case XI in [36]. The six distinct states will fall into the flavor combina-
tions: (uLdL), (uLsL+cLdL)/
√
2, (cLsL), (cLbL+tLsL)/
√
2, (tLbL), (uLbL+tLdL)/
√
2. Only
the first two are phenomenologically relevant for our study of dijet resonances at LHC; we
will focus on the uLdL ≡ ω3 diquark state, which would be the most readily produced at
LHC.
A charge 1/3 diquark coupling to uRdR will be anti-symmetric in flavor (since the right-
handed quarks are weak singlets), corresponding to the (3, 3) representation of SU(3)uR ×
SU(3)dR , as in case IX of [36]. The nine flavor combinations will be uRdR, uRsR, uRbR,
and so on. While the four states coupling only to first or second generation quarks could
potentially be relevant for our study, we will focus on the uRdR ≡ ω˜3 state, which would be
most readily produced at LHC.2
Similarly, a charge 4/3 diquark coupling to uRuR will also be anti-symmetric in flavor,
corresponding to the 3¯ representation of SU(3)uR , as in case V of [36]. Of the three flavor
states making up the triplet [uRcR, uRtR, cRtR] only the first is potentially relevant to our
study, but the small charm parton distribution function will suppress its production rate.
The charge −2/3 diquark coupling to dRdR (case VII of [36]) is analogous, with down-type
flavors substituted everywhere for up-type flavors. We will not discuss either of these further.
Following the notation in [38], we write the interactions of these diquark states with
quarks as
L = 2
√
2
(
K¯3
)ab
c
[
λωω
c
3u¯Lad
C
Rb + λω˜ω˜
c
3u¯Rad
C
Lb
]
+ h.c. , (2)
where a, b and c are color (triplet) indices, K¯3 is the color Clebsch-Gordan coefficient con-
necting [38] two triplets to an anti-triplet (related to abc), and λω,ω˜ are unknown coupling
constants. We then find the decay widths
Γ(ω3, ω˜3 → u+ d) =
λ2ω,ω˜
2pi
Mω3,ω˜3 , (3)
and, in the narrow-width approximation, the hadronic cross sections
σ(pp→ ω3, ω˜3) = 2pi
3
λ2ω,ω˜
[
1
s
dLud
dτ
]
τ=
M2
ω3,ω˜3
s
, (4)
where Mω,ω˜ are the masses of the diquark resonances, s is the pp hadronic center of mass
energy, and the luminosity function dL/dτ is defined in Eq. (21) .
2. Color Sextet Diquarks
For color sextet scalar diquarks, we can also use the classification system in [36] to
enumerate the possible states. Because the color-sextet state is symmetric in color and anti-
2 The particles ω3 and ω˜3 here correspond to D and D
c in [23].
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symmetric in Lorentz spinor indices, it must be symmetric under the combination of flavor
and SU(2) indices.
The weak-singlet, charge 1/3 diquark coupling to QLQL will be anti-symmetric in SU(2)
indices, so it must be anti-symmetric in flavor, placing it in a triplet representation of
SU(3)QL . This corresponds to case XII in [36]. The three states will fall into the flavor com-
binations: (uLsL− cLdL), (uLbL− tLdL), (cLbL− tLsL). Only the first of these is potentially
relevant for our work; we will follow [33] in denoting it as δ6.
There is also a charge 1/3 diquark coupling to uRdR transforming under the symmetric
(3, 3) representation of SU(3)uR×SU(3)dR , as in case X of [36]. The nine flavor combinations
will be uRdR, uRsR, uRbR, and so on. While the four states coupling to first or second
generation quarks could potentially be relevant for our study, we will focus on the uRdR ≡ ∆6
state [33], which would be most readily produced at LHC.
The color-sextet, charge 4/3 diquark coupling to uRuR will also be symmetric in flavor,
corresponding to the 6 representation of SU(3)uR , as in case VI of [36]. Of the six flavor
states [(uRuR), (uRcR+cRuR)/
√
2, etc.] the first is most relevant to our study; we will denote
it Φ6, following [33]. The corresponding charge -2/3 state composed of down-flavored quarks
(case VIII of [36]) will likewise be called φ6 ≡ dRdR, as in [33].
Following the notation of Ref. [38], we may write the corresponding interactions between
the diquarks and light-generation fermions as
L = 2
√
2(K¯6)
ab
γ
[
λδδ
γ
6 (u¯Las
C
Rb − c¯LadCRb) + λΦΦγ6 u¯RauLb + λφφγ6 d¯RadLb + λ∆∆γ6 u¯RadLb
]
+h.c. ,
(5)
where a, b are triplet color indices and γ is a sextet color index, K¯6 is the Clebsch-Gordan
coefficient connecting two SU(3) triplets to a sextet, and λδ,Φ,φ,∆ are unknown coupling
constants. We then find the decay widths of the charge 1/3 states to be
Γ(δ6 → u+ s) = Γ(δ6 → c+ d) = λ
2
δ
2pi
Mδ6 , (6)
Γ(∆6 → u+ d) = λ
2
∆
2pi
M∆6 , (7)
while, due to identical final state particles, widths of the charge 4/3 states are
Γ(Φ6 → u+ u) = λ
2
Φ
4pi
MΦ6 , (8)
Γ(φ6 → d+ d) =
λ2φ
4pi
Mφ6 . (9)
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The corresponding cross sections are
σ(pp→ δ6) = 4piλ
2
δ
3
[
1
s
dLus
dτ
+
1
s
dLcd
dτ
]
τ=
M2
δ6
s
(10)
σ(pp→ ∆6) = 4piλ
2
∆
3
[
1
s
dLud
dτ
]
τ=
M2
∆6
s
(11)
σ(pp→ Φ6) = 4piλ
2
Φ
3
[
1
s
dLuu
dτ
]
τ=
M2
Φ6
s
(12)
σ(pp→ φ6) =
4piλ2φ
3
[
1
s
dLdd
dτ
]
τ=
M2
φ6
s
. (13)
B. Vector Bosons
A color-octet vector boson (coloron) arises from extending the gauge group of the strong
sector. The couplings between quarks and the color-octet can be either flavor universal or
flavor non-universal, and either chiral or vectorial. Examples of flavor universal scenarios
include the classic axigluon [42, 43] and coloron [44, 45] where all quarks are assigned to
the same SU(3) group in the extended color gauge sector. Flavor non-universal scenarios
appear in the case of the topgluon where the third generation quarks are assigned to one
SU(3) group and the light quarks to the other [46, 47], and the newer axigluon models
where different chiralities of the same quark can be charged under different groups [48–53].
Other examples of color-octet vector bosons include excited gluons in extra-dimensional
models (Kaluza-Klein gluons [54]), composite colored vector mesons in technicolor models
with colored technifermions (technirhos [55–57]), and low-scale string resonances [58].
An electrically neutral color-singlet vector boson (Z ′) often originates from extending the
electroweak U(1) or SU(2) gauge group; for examples of Z ′ models, see Refs. [24, 59, 60] and
references therein. The Z ′ can have flavor universal [61–63] or flavor non-universal couplings
to fermions [64–66]; the latter happens when the gauge group for the Z ′ does not commute
with the SU(2)L of the standard model. While a typical Z
′ can couple to leptons as well as
quarks, it is possible (see, e.g., [67]) to have a Z ′ that does not decay to charged leptons and
must be probed via its hadronic channels such as a dijet final state. In this article, we are
interested in Z ′ bosons of this kind (denoted as “leptophobic”), because one of them could
appear as a dijet resonance without any corresponding dilepton signature.
A coloron (C) or a Z ′ manifesting as a dijet resonance is produced at hadron colliders via
quark-antiquark annihilation3. The interaction of a C with the SM quarks qi is described
by
LC = igQCDCaµ
∑
i=u,d,c,s,t,b
q¯iγ
µta
(
giCLPL + g
i
CR
PR
)
qi, (14)
where ta is an SU(3) generator, while giCL and g
i
CR
denote left and right chiral coupling
strengths (relative to the strong coupling gQCD) of the color-octet to the SM quarks. The
3 The resonances corresponding to these particles are not produced by gluon fusion: the Z ′ is not colored
and the coloron does not couple to gluon pairs (except very weakly at one loop and higher orders [68]).
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projection operators have the form PL,R = (1∓ γ5)/2 and the quark flavor index runs over
i = u, d, c, s, t, b. Similarly, the interactions of a leptophobic Z ′ with the SM quarks are given
by
LZ′ = igwZ ′µ
∑
i=u,d,c,s,t,b
q¯iγ
µ
(
giZ′LPL + g
i
Z′RPR
)
qi, (15)
where giZ′L and g
i
Z′R denote left and right chiral coupling strengths of the leptophobic Z
′ to
the SM quarks, relative to the weak coupling gw = e/ sin θW .
In this analysis, we limit ourselves to vector resonances with flavor-universal couplings
to quarks; that is, the couplings of each vector resonance to every quark, regardless of
generation or chirality, is the same. This simplifies the calculation of the widths. For the
multi-TeV resonances that are not yet excluded by experiment, the total decay width for a
heavy coloron is
ΓC =
αs
2
MCg
2
C , (16)
and for a leptophobic Z ′ is
ΓZ′ = 3αwMZ′g
2
Z′ , (17)
where g2C/Z′ =
(
g2C/Z′L
+ g2C/Z′R
)
denotes the resonance’s flavor-universal coupling to quarks.
III. THE COLOR DISCRIMINANT VARIABLE
In this section, we review the color discriminant variable, as first presented in [20]. Then
we introduce a more general formulation of these ideas, drawing on Ref. [31] and use it to
evaluate Dcol for various diquark states.
A scalar or vector resonance coupled to quarks in the standard model can be abundantly
produced at a hadron collider of sufficient energy. Then it decays to a final state of simple
topology: a pair of jets, top quarks, or bottom quarks, both of which are highly energetic
and clustered in the central region of the detector. In a large data sample, a resonance
with a relatively small width will appear as a distinct bump over a large, but exponentially
falling, QCD background. These features make the hadronic decay channels favorable for
discovery.
Searches for new particles currently being conducted at the LHC are focused on resonances
having a narrow width. So one can expect that if a new dijet resonance is discovered, the dijet
cross section, mass, and width of the resonance will be measured. These three observables
are exactly what is needed to construct the color discriminant variable [20], as defined in
(1) that can distinguish between resonances of differing color charges.
A. Review of the original formulation
Let us review the idea behind the color discriminant variable, using a flavor-universal
color-octet (C) and color-singlet (Z ′) vector resonances as an illustration. Throughout this
article we will work in the limit of sufficiently small width (Γ/M  1) such that the dijet
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cross section for a process involving a vector resonance V can be written, using the narrow-
width approximation, as:
σVjj ≡ σ(pp→ V → jj) ' σ(pp→ V )Br(V → jj), (18)
where σ(pp→ V ) is the cross section for producing the resonance. Note that Br(V → jj) is
the boson’s dijet branching fraction, which equals 4/6 for a flavor-universal vector resonance
that is heavy enough to decay to all six quark flavors. As discussed in Ref. [20], incorporating
the respective expressions for the vector resonance widths (16, 17) leads to the dijet cross
sections for a coloron
σCjj =
16pi2
9
ΓC
M3C
Br(C → jj)
∑
q=u,d,c,s
τ
[
dLqq¯
dτ
]
τ=
M2
C
s
, (19)
and for a leptophobic Z ′,
σZ
′
jj =
2pi2
9
ΓZ′
M3Z′
Br(Z ′ → jj)
∑
q=u,d,c,s
τ
[
dLqq¯
dτ
]
τ=
M2
Z′
s
. (20)
The parton luminosity function4 τdL/dτ for production of the vector resonance with mass
MV via collisions of partons i and k at the center-of-mass energy squared s, is defined by
τ
[
dLik
dτ
]
≡ τ
1 + δik
∫ 1
τ
dx
x
[
fi
(
x, µ2F
)
fk
(τ
x
, µ2F
)
+ fk
(
x, µ2F
)
fi
(τ
x
, µ2F
)]
, (21)
where fi (x, µ
2
F ) is the parton distribution function at the factorization scale µ
2
F . Throughout
this article, we set the factorization scale equal to the resonance mass – for vector resonances,
µ2F = M
2
C,Z′ .
The fact that the overall coupling strength can be represented as the ratio of observ-
ables ΓV /MV , as shown in Eqs. (16, 17), motivates the definition of the color discriminant
variables:
DCcol =
M3C
ΓC
σCjj =
16pi2
9
[
Br(C → jj)
∑
q=u,d,c,s
τ
[
dLqq¯
dτ
]
τ=
M2
C
s
]
(22)
DZ
′
col =
M3Z′
ΓZ′
σZ
′
jj =
2pi2
9
[
Br(Z ′ → jj)
∑
q=u,d,c,s
τ
[
dLqq¯
dτ
]
τ=
M2
Z′
s
]
(23)
for the coloron and Z ′, respectively.
The factors in the square brackets in Eqs. (22, 23) are the same for flavor-universal
resonances having a particular mass; only the initial numerical factors differ. In other
4 In our previous work [20–22], involving only collisions of non-identical partons q and q¯, we used the
notation Wq to refer to the parton luminosity:
Wq(MV ) = 2pi
2M
2
V
s
∫ 1
M2V /s
dx
x
[
fq
(
x, µ2F
)
fq¯
(
M2V
sx
, µ2F
)
+ fq¯
(
x, µ2F
)
fq
(
M2V
sx
, µ2F
)]
= 2pi2τ
[
dLqq¯
dτ
]
τ=
M2
V
s
.
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words, the difference between the values of color discriminant variables corresponding to the
two types of flavor-universal vector resonances
DCcol = 8D
Z′
col (24)
will help pinpoint the nature of the color structure of the discovered particle. Turning this
argument around, a new resonance with a particular mass, dijet cross-section and value of
Dcol could correspond to a broader Z
′ or narrower coloron.
Since Dcol depends only on observables (σjj, Γ, M) that will be measured as soon as a
new narrow resonance is seen, it provides a way to immediately distinguish color-octet and
color-singlet dijet resonances.
B. Alternative Description
We now present an alternative formulation of the tree-level s-channel resonance cross
section which makes the properties of the color-discriminant variable more transparent and
makes Dcol easier to calculate for diverse types of resonances. Following Eq. (44) of [31], the
spin- and color-averaged partonic tree-level s-channel cross section for the process i + k →
R→ x+ y is written
σˆik→R→xy(sˆ) = 16pi · N · (1 + δik) · Γ(R→ ik) · Γ(R→ xy)
(sˆ−m2R)2 +m2RΓ2R
, (25)
where (1 + δik) accounts for the possibility of identical incoming partons
5. The factor N is
a ratio of spin and color counting factors
N = NSR
NSiNSk
· CR
CiCk
, (26)
where NS and C count the number of spin- and color-states for initial state partons i and
k. In the narrow-width approximation, we also have
1
(sˆ−m2R)2 +m2RΓ2R
≈ pi
mRΓR
δ(sˆ−m2R) . (27)
Integrating over parton densities, and summing over incoming partons, as well as the
outgoing partons that produce hadronic jets (jj), we then find the tree-level hadronic cross
section to be
σR = 16pi
2 · N · ΓR
mR
·
(∑
xy=jj
BR(R→ xy)
)(∑
ik
(1 + δik)BR(R→ ik)
[
1
s
dLik
dτ
]
τ=
m2
R
s
)
.
(28)
5 More specifically, for identical incoming partons ik the partial width Γ(R→ ik) has an extra factor of 1/2
in the integration over final state phase-space – a factor which is not present for distinguishable partons
and must be removed when relating the partial width to the partonic production cross-section. While this
factor is not explicitly included in [31], it matters only for identical incoming partons.
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Hence, for the color discriminant variable
Dcol =
σR ·m3R
ΓR
, (29)
we find the general expression
Dcol = 16pi
2 · N ·
(∑
xy=jj
BR(R→ xy)
)(∑
ik
(1 + δik)BR(R→ ik)
[
τ
dLik
dτ
]
τ=
m2
R
s
)
. (30)
This expression illustrates the dependence of the color discriminant variable on the properties
of the incoming and outgoing partons, and can easily be applied to any narrow resonance.6
Applying this approach to the flavor-universal coloron resonance considered above, we
note: the coloron has CR = 8 and NSR = 3; the incoming xy and outgoing ik states are
a light quark q = u, d, c, s and its anti-quark q¯; each incoming quark has NSi = NSk = 2
and Ci = Ck = 3; the sum over outgoing branching ratios (Br(C → xy)) is 4/6; and each
incoming branching ratio is (Br(C → ik) = 1/6). Then Eq. (30) becomes
DCcol =
32pi2
27
( ∑
q=u,c,d,s
[
τ
dLqq¯
dτ
]
τ=
m2
C
s
)
. (31)
which is identical to the result in Eq. (22).
C. Dcol for scalar diquarks
1. Color-triplet diquarks
The color-triplet weak-singlet scalar diquark ω3 is produced via collisions of u and d quarks
and decays back to the same quark pair: pp→ uLdL → ω3 → uLdL. For this process, we may
determine the value of the color discriminant variable directly from Eq. (30). Noting that the
diquark has NSR = 1 and CR = 3; the incoming and outgoing quarks have NSi = NSk = 2
and Ci = Ck = 3; and there is only one incoming and one outgoing mode (so the summations
are superfluous), we find:
Dω3col =
4pi2
3
[
τ
dLud
dτ
]
τ=
m2ω3
s
. (32)
Constructing Dω3col from the cross-section (4), width (3) and mass of the diquark, using
Eq. (1), yields the same result.
For the other color-triplet weak-singlet diquark ω˜3, we find
DD˜ω3col = D
ω3
col . (33)
This follows either by noting that ω3 and ω˜3 have the same the cross-sections (4) and widths
(3), or by realizing that the factors contributing to N in Eq. (30) are the same as for ω3.
6 Note that here we refer to the total resonance production cross section, while in practice there can be
(small) corrections due to differing experimental acceptances for resonances of different spins [31].
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2. Color-sextet diquarks
The color-sextet weak-singlet scalar diquark Φ6 is produced via collisions of two u quarks
and decays back to the same quark pair: pp→ uRuR → Φ6 → uRuR. We may determine the
value of Dcol in a straightforward way from Eq. (30). Noting that the diquark has NSR = 1
and CR = 6; the incoming and outgoing quarks have NSi = NSk = 2 and Ci = Ck = 3; and
there is only one incoming or outgoing mode, we conclude that N = 1/6. Furthermore, the
two initial state partons are identical, so (1 + δik) = 2. We therefore find
DΦ6col =
16pi2
3
[
τ
dLuu
dτ
]
τ=
m2
Φ6
s
. (34)
The calculation for φ6 is essentially unchanged, since φ6 couples only to dRdR. The factor
N is the same as for Φ6 and there is just one incoming and one outgoing mode to consider.
The only factor that distinguishes the results is the luminosity function.
Dφ6col =
16pi2
3
[
τ
dLdd
dτ
]
τ=
m2
φ6
s
. (35)
The case of ∆6 is very similar: N remains the same and there is still only one incoming
and one outgoing mode. This time, however, the incoming mode involves non-identical
partons uRdR, so that (1 + δik) = 1. As a result,
D∆6col =
8pi2
3
[
τ
dLud
dτ
]
τ=
m2
∆6
s
. (36)
Finding Dcol for the δ6 state takes a little more thought since there are two decay modes
to consider: δ6 → us and δ6 → cd, each with branching ratio 1/2. The factor N is the same
as for the other sextet states. The sum of the outgoing (xy) dijet branching ratios is still 1
since the δ6 does not decay to heavy flavors. As with ∆6, the incoming partons are distinct
from one another. But there are now two luminosity functions to keep track of in Dcol:
Dδ6col =
4pi2
3
[
τ
dLus
dτ
+ τ
dLcd
dτ
]
τ=
m2
δ6
s
. (37)
Finally, constructing Dcol for each sextet state from its cross-section, width and mass (as
given in Section II A 2) and using Eq. (1) yields the same result as we have just derived.
IV. DIQUARK ACCESSIBILITY AT THE 14 TEV LHC
After a narrow dijet resonance has been discovered, one uses the measurements of three
observables; dijet cross section, mass, and total decay width to evaluate Dcol via Eq. (1). At
the same time, one can use Eq. (30) to compare Dcol with the predictions for various classes
of dijet resonances.
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In this section, we describe the region of diquark parameter space to which the method
is applicable.7 In this region the resonance has not already been excluded by the current
searches, can be discovered at the 5σ level at the LHC 14 TeV after statistical and systematic
uncertainties are taken into account, and has a total width that is measurable and consistent
with the designation “narrow”.
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FIG. 1. Viable parameter (here αω = λ
2/4pi, and is plotted relative to the electromagnetic coupling
αem) space, the salmon-shaded area to the right of the curve labeled “excluded”, for the color triplet
diquark ω3, which couples to uLdL; the viable parameter space for diquark ω˜3 is equivalent. The
curve at lower right labeled “30 fb−1” delimits the region accessible to a 5σ discovery at the 14 TeV
LHC with that integrated luminosity; the curves below it show how higher integrated luminosities
(respectively, from above, 100, 300, 1000 fb−1) would increase the reach. The region in which Dcol
can be measured lies below dashed curve line where the resonance width equals 15% of its mass
and above the dashed curve where the resonance width equals the mass resolution of the detector is
amenable; areas where the resonance is too broad or too narrow have been given a cloudy overlay.
The lowest red-shaded region lies beyond the reach of 1000 fb−1 of data.
One may deduce the current exclusion limits on diquark resonances using the limits on
the production cross section times branching ratio (σ×Br(jj)) from the (null) searches for
narrow-width resonances carried out by the ATLAS and CMS collaborations [13, 15, 17]
at
√
s = 8 TeV. We use the most stringent constraint, which comes from CMS [17]. The
exclusion limit for a given state is provided in the form of σ × Br(jj)× (Acceptance). For
the C and Z ′ we have estimated [20] the acceptance of the detector for each value of the
resonance mass by comparing, within the same theoretical model, the value of σ × Br(jj)
that we have calculated with the value of σ×Br(jj)× (Acceptance) provided by CMS. The
7 A detailed discussion for colorons and Z ′ bosons was presented in [20, 21].
12
3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
M [TeV]
0
5
10
15
20
α
Φ
/α
em
30 fb
−1
E
xc
lu
d
ed
Γ ≤Mres
Γ ≥ 0.15M
Φ6
9.7×100 3.8×100 1.3×100 4.0×10−1 1.0×10−1
Dcol
3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
M [TeV]
0
5
10
15
20
α
φ
/α
em
100
0 fb
−1
No re
ach
30
0 f
b
−110
0 f
b
−130
fb
−1E
xc
lu
d
ed
Γ ≤Mres
Γ ≥ 0.15M
φ6
1.7×100 5.2×10−1 1.4×10−1 3.5×10−2 7.6×10−3
Dcol
FIG. 2. Viable parameter space for color sextet diquarks: (Left) teal-shaded area to the right of
the “excluded” curve is for Φ6, which couples to uRuR, (Right) blue-shaded area to the right of
the “excluded” curve is for φ6, which couples to dRdR. Other features of the figure are as in Fig. 1.
The red area at far right labeled “no reach” is not accessible even with 1000 fb−1 of integrated
luminosity. Here αΦ,φ = λ
2
Φ,φ/4pi.
acceptance is a characteristic of properties of the detector and kinematics, the latter being
the same for a coloron and Z ′ to leading order; thus we used throughout our vector boson
analysis the acceptance deduced from such a comparison made within a sequential Z ′ model.
For scalar diquarks, we use a constant acceptance 0.6 for a resonance with isotropic decays,
as indicated by the authors of [16]. The excluded region of parameter space is displayed in
pale gray to the left of the curve labeled “excluded” in each plot in in Figs. 1, 2, and 3.
Sensitivity to a dijet resonance in future LHC experiments with
√
s = 14 TeV de-
pends on the knowledge of QCD backgrounds, the measurements of dijet mass distribu-
tions, and statistical and systematic uncertainties. CMS [69] has estimated the limits on
σ×Br(jj)×(Acceptance) that will be required in order to attain a 5σ discovery at CMS with
integrated luminosities up to 10 fb−1, including both statistical and systematic uncertainties.
We obtain the acceptance for CMS at
√
s = 14 TeV in the same manner as described in
the previous paragraph. The sensitivity for dijet resonance discovery with 10 fb−1 of data
is then scaled to the integrated luminosities L = 30, 100, 300, 1000 fb−1 considered in our
studies (assuming that the systematic uncertainty scales with the squared root of integrated
luminosity). Since the original limits were estimated for resonances with masses up to 5 TeV,
we have extrapolated the sensitivity to 7 TeV. The predicted diquark discovery reaches for
these luminosities are shown in shades of dark pink for color-triplet diquarks ω3 and shades
of teal (Φ6), light blue (φ6), dark green (∆6), and yellow (δ6) for color-sextet diquarks, in
Figs. 1 2, and 3.
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FIG. 3. Viable parameter space for color sextets diquarks: (Left) green-shaded area to the right
of the “excluded” curve is for ∆6, which couples to uLdL, (Right) yellow-shaded area to the right
of the “excluded” curve is for δ6, which couples to (uRsR− cRdR). Other features of the figure are
as in Fig. 1. The red area at far right labeled “no reach” is not accessible even with 1000 fb−1 of
integrated luminosity. Here α∆,δ = λ
2
∆,δ/4pi.
The total decay width also constrains the absolute values of the coupling constants. On
the one hand, experimental searches are designed for narrow-width dijet resonances; hence
their exclusion limits are not applicable when the resonance is too broad, which translates
to about Γ/M = 0.15 as the upper limit [31, 70, 71]. On the other hand, the appearance
of (intrinsic) total decay width in the expression for the color discriminant variable requires
that the width be accurately measurable; width values smaller than the experimental dijet
mass resolution, Mres, cannot be distinguished. The region of parameter space that meets
both constraints and is relevant to our analysis is shown in Figs. 1, 2, and 3 as the region
between the two dashed horizontal curves labeled Γ ≥ 0.15M and Γ ≤Mres. Regions where
the width is too broad or too narrow are shown with a cloudy overlay to indicate that they
are not accessible via our analysis.
Statistical and systematic uncertainties on dijet cross section, mass, and intrinsic width
of the resonance will play a key role in determining how well Dcol can discriminate between
models at the LHC with
√
s = 14 TeV. While the actual values of the systematic uncertain-
ties at the LHC with
√
s = 14 TeV will be obtained only after the experiment has begun,
we have previously discussed estimates of the uncertainties in [20–22]. In particular, we
reviewed estimates of the effect of systematic uncertainties in the jet energy scale, jet energy
resolution, radiation and low mass resonance tail and luminosity on the dijet cross section
at the 14 TeV LHC from Ref. [69] and discussed how this, combined with the dijet mass
resolution would impact measurements of Dcol. We also estimated the uncertainty on Dcol
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due to PDF uncertainties by using the CT10NLO PDF set from the CTEQ collaboration
[72]; see Appendix A for details. Overall, it appears that uncertainties of 20 - 50% should
be achievable and with that level of accuracy the color discriminant variable should be a
useful tool for distinguishing among dijet resonances.
V. DISTINGUISHING DIQUARKS FROM VECTOR BOSONS
We are now ready to illustrate how the color discriminant variable Dcol may be used to
distinguish whether a newly discovered dijet resonance is a scalar diquark, as opposed to a
coloron or a leptophobic Z ′. As previously mentioned, we will focus on resonances having
masses of 3− 7 TeV at the √s = 14 TeV LHC with integrated luminosities up to 1000 fb−1.
The values of Dcol and other observables have been evaluated using the uncertainties dis-
cussed in [20–22] and the region of parameter space to which this analysis is applicable was
identified in Section IV.
Figures 4 and 5 compare the value of Dcol as a function of resonance mass for several
different resonances: colorons, Z ′ bosons, the color-triplet diquark ω3 and the color-sextet
diquarks Φ6, φ6, ∆6 and δ6. Fig. 4 focuses on integrated luminosities of 30 and 100 fb
−1,
while Fig. 5 displays results for 300 and 1000 fb−1. In each plot, a given colored band
shows the mass range in which the corresponding resonance is viable and accessible. The
appropriate exclusion limit in Figs. 1, 2, or 3 delimits the left-hand edge of each band; the
appropriate integrated luminosity curve from Figs. 1, 2, or 3 delimits the right-hand edge,
beyond which there is not enough data to allow discovery at a given mass. The width of
each band relates to measurement uncertainties, as detailed in the figure caption.
For a given value of the dijet resonance mass, some types of resonance may already be
excluded (e.g., a resonance found below about 3.4 TeV cannot be a coloron), while others
may lie beyond the LHC’s discovery reach at a given integrated luminosity, because too
few events would be produced (e.g., a leptophobic Z ′ will not be seen above about 4.8 TeV
with only 100 fb−1). But for any resonance mass between about 3.5 and 7 TeV, there are
generally several dijet resonances that remain viable candidates For example, a resonance
discovered at 4.0 TeV could be a Z ′, coloron, or δ6, while one found at 5.2 TeV could be a
Φ6, ω3 or coloron (or, with sufficient integrated luminosity, even a δ6 or a Z
′).
In many situations where a dijet resonance of a given mass discovered at LHC could
correspond to more than one class of particle, measuring Dcol will suffice to distinguish
among them. A leptophobic Z ′ would not be confused with any of the weak-singlet scalar
diquarks (except, possibly, the δ6 near the top of the mass range for a given integrated
luminosity). Nor would any of the color-sextet diquarks be mistaken for one another. The
color-triplet diquark and the coloron are, likewise, distinct by this measure.
In other cases, the measurement of Dcol will suffice to show that a resonance is a diquark,
and yet may not have sufficient precision to determine which kind of diquark state has been
found. For instance, at masses of order 6 TeV, the sextet states are all distinct from one
another, but the ω3 overlaps both the Φ6 and φ6. Measuring the color flow [73–76] in the
events may be of value here.
In other cases, the measurement of Dcol may leave us unsure as to whether a vector boson
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FIG. 4. Color discriminant variables calculated, as described in Sec. IV, using estimated systematic
and statistical uncertainties for mass, total width, and dijet cross section for the integrated lumi-
nosities 30 fb−1 (Left) and 100 fb−1 (Right). The central value of Dcol for each particle is shown
as, from top to bottom: Φ6 (dashed red), ∆6 (dotted black), ω3 (dotted red), φ6 (dashed black), C
(solid blue), δ6 (dotted-dash yellow), Z
′ (solid green). The uncertainty in the measurement of Dcol
due to the uncertainties in the measurement of the cross section, mass and width of the resonance is
indicated by gray bands. The outer (darker gray) band corresponds to the uncertainty in Dcol when
the width is equal to the experimental mass resolution i.e. Γ = Mres. The inner (lighter gray) band
corresponds to the case where the width Γ = 0.15M . Resonances with width Mres ≤ Γ ≤ 0.15M
will have bands whose widths fall between the outer and inner gray bands. The horizontal extent
of the colored band for each state indicates the region in parameter space where the particle has
not been excluded by current searches and has the potential to be discovered at the 5σ level at the
LHC 14 TeV after statistical and systematic uncertainties are taken into account. The limits and
reaches for resonances with masses above 5 TeV have been extrapolated, as mentioned in the text;
as a reminder, the extrapolated region lies to the right of a vertical dashed line.
(coloron) or a color-sextet δ6 diquark has been discovered (e.g., at masses of order 3.5 TeV).
In this case, measuring the angular distributions of the final state jets may assist in further
distinguishing the possibilities [31].
VI. DISCUSSION
The current run of the LHC has the potential to discover a new dijet resonance, opening
the doors to an era of physics beyond the standard model. The simple topology and large
production rate for a dijet final state will not only promote discovery, but also aid in the
determination of crucial properties of the new resonance. Because the color discriminant
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FIG. 5. Same as Fig. 4, but for integrated luminosities 300 fb−1 (Left) and 1000 fb−1 (Right).
variable [20], Dcol, is constructed from measurements available directly after the discovery
of the resonance via the dijet channel, namely, its mass, its total decay width, and its dijet
cross section, this variable can be valuable in identifying the nature of a newly discovered
state [20–22].
In this work, we have extended the color discriminant variable technique in two directions.
First, we have placed the theoretical discussion of the variable in more general language that
shows its broader applicability and its relationship to the properties of the partons involved
in production and decay of the resonance. Second, we have shown that Dcol may be used both
to identify scalar diquark resonances as color triplet or color sextet states and to distinguish
them from color-neutral or color-octet vector bosons.
In addition to the dijet resonances that we have discussed in detail in this work, other
exist – and they are also amenable to analysis via the color discriminant variable. One
example would be states whose decay products include gluons: scalar resonances decaying
to gg and excited quarks decaying to qg. As shown in [22], Dcol can distinguish moderate
width diquarks (qq) and vector bosons (qq¯), whose decay products do not include gluons,
from resonances whose decays do include final state gluons. When the resonance is too
narrow for Dcol to be measurable, studying the jet energy profile of the final state jets can
be a valuable alternative. Another example of additional dijet resonances would be diquarks
that transform as weak triplets (cases XIII and XIV of [36]), instead of being weak triplets
like those studied here. We have calculated the values of the color discriminant variable for
all of these examples and presented them in Appendix B for comparison. They fall within
similar ranges to those discussed in detail above.
We hope the color discriminant variable will called upon soon to identify a new dijet
resonance discovered at the LHC.
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Appendix A: Parton Luminosity Functions and Uncertainties
This appendix illustrates the relevant parton luminosity functions, along with their un-
certainties, for production of scalar diquarks and vector bosons. We display these quantities,
τdLik/dτ , as functions of resonance mass and show how they are related to the behavior of
the central value of (and uncertainties in) Dcol for a variety of dijet resonances.
In the left panel of Fig. 6, we show the parton luminosities corresponding to the initial
states that produce the resonances studied in this paper. The right panel of Fig. 6 shows
Dcol for the various resonances, as calculated using those parton luminosities. Uncertainties
in the parton distribution functions, as calculated from the CT10NLO PDF set [72], have
been included; uncertainties from other sources are not taken into account in this figure.
Note how the central values of the Dcol curves correspond to those in Figs. 4 and 5.
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FIG. 6. (a) Left: The sum of parton luminosity functions for different classes of initial states. From
top to bottom: uu (dashed red), ud (dotted black), dd (dashed black), qq¯ = uu¯ + . . . + bb¯ (solid
green), us+cd (dotted-dash yellow). (b) Right: Color discriminant variable curves for the particles
discussed, including only the uncertainties due to the parton distribution functions. From top to
bottom: Φ6 (dashed teal), ∆6 (dotted dark green), ω3 (dotted pink), φ6 (dashed blue), C (solid
blue), δ6 (dotted-dash yellow), Z
′ (solid green). Each shaded band illustrates uncertainty due to
the parton distribution functions, based on the CT10NLO PDF by the CTEQ Collaboration.
18
Appendix B: Color Discriminant Variable for Other Dijet Resonances
1. Weak-triplet scalar diquarks
In addition to the weak-singlet scalar diquarks that have been the focus of this paper,
there are also scalar diquarks transforming as weak triplets. Both of these are charge 1/3
states coupled to QLQL. Each of them is anti-symmetric under exchange of Lorentz indices
and symmetric under exchange of weak indices.
The first weak-triplet diquark is also a color triplet, making it anti-symmetric under
SU(3)c. Hence, it must be anti-symmetric under flavor as well, making it a triplet under
SU(3)QL . The flavor combination coupling only to the two light generations is, therefore[
uLcL, (uLsL + cLdL)/
√
2, dLsL
]
. Of these, it is the state coupled to uLsL + cLdL that will
be most readily produced at the LHC; this corresponds to case XIII in [36] and we will
refer to it as χ3. Based on all of this information, we find that the value of N is 1/12.
The calculation of Dcol proceeds similarly to that for the δ6 state (see discussion leading to
Eq. (37)), yielding:
Dχ3col =
2pi2
3
[
τ
dLus
dτ
+ τ
dLcd
dτ
]
τ=
m2χ3
s
. (B1)
In other words, because χ3 is a color-triplet but couples to the same mix of partons as δ6,
its value of Dcol is half that of δ6.
The second weak-triplet diquark is a color sextet, making it symmetric under exchange
of color indices. Hence it will also transform symmetrically under flavor – specifically, it will
be in a sextet under SU(3)QL . Of the six flavor combinations, the one coupled entirely to
the first generation is
[
uLuL, (uLdL + dLuL)/
√
2, dLdL
]
. The first component χ6 ≡ uLuL
will have the highest production rate at LHC; this corresponds to case XIV in [36]. We find
that N = 1/6 and we note that the two incoming partons are identical. Hence, the value of
Dcol is
Dχ6col =
16pi2
3
[
τ
dLuu
dτ
]
τ=
m2χ6
s
. (B2)
This is, not surprisingly, identical to the color discriminant variable for the Φ6 state that
couples to uRuR.
2. Dijet states coupling to gluons
For completeness, we also present the formulae for the color discriminant variables for
color-octet scalars (which couple to gluon pairs) and color-triplet excited quarks (which
couple to qg). In Ref. [22], we compared how Dcol and the Jet Energy Profile could be used
to distinguish these states from one another and from colorons at LHC.
We will designate a color-octet scalar coupling to gluon pairs by the symbol φ8. For
this state, Cφ8 = Cg = 8 and NSφ8 = 1; also, Ng = 2; hence, N = 1/32. Noting that the
only decay of φ8 is to gluons, which are identical particles, we arrive at a color discriminant
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variable of
Dφ8col = pi
2
[
τ
dLgg
dτ
]
τ=
m2
φ8
s
. (B3)
As illustrated in Fig. 2 of [22], this falls between the value of Dcol for a coloron and a Z
′.
Calling an excited quark of a given flavor q∗, and limiting ourselves to the quarks of the
first generation, which are most strongly produced at the LHC, we note that the only decays
are u∗ → ug and d∗ → dg. In either case, NSq∗ = NSq = NSg = 2 and Cq∗ = Cq = 3 while
Cg = 8; as a result, N = 1/16 for either excited quark. Thus, we may write down the color
discriminant variables as
Du
∗
col = pi
2
[
τ
dLug
dτ
]
τ=
m2
u∗
s
(B4)
Dd
∗
col = pi
2
[
τ
dLdg
dτ
]
τ=
m2
d∗
s
. (B5)
As illustrated in Fig. 2 of [22], this exceeds the value of Dcol for a coloron.
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